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Molecular cloning and reconstitution experiments have identiﬁed
10 Ca2+ channel α1 subunits, of which Cav1.1 (α1S), Cav1.2 (α1C),
Cav1.3 (α1D), and Cav1.4 (α1F) are dihydropyridine-sensitive L-type
Ca2+ channels [1]. Cav1.1 acts as a voltage sensor to couple excitation
to contraction of skeletal muscle. Cav1.2 has been shown to mediate
cardiac and smoothmuscle contraction, and to participate in neuronal
excitability and hormone secretion. Expression of Cav1.2 and Cav1.3
has been together detected in most of the tissues, and their functional
roles appear to be different but partially overlapping. The most
recently cloned Cav1.4 was originally identiﬁed as associated with
incomplete X-linked congenital night blindness and its expression
was detected in the retina and some nervous tissues [2].
Cav1.3 has been suggested to play pivotal roles in insulin secretion
from pancreatic β cells, auditory nerve development, and heart
pacemaker activity [1]. Studies of Cav1.3 deﬁcient mice support the
essential role of Cav1.3 channels in most of these physiological
functions. For example, Cav1.3 knock-out mice have been found to be
deﬁcient in insulin secretion [3], and they were deaf because their
afferent auditory nerve ﬁbers and hair cells were degenerated [4].Furthermore, they have signiﬁcantly slowed pacemaker activity and
display spontaneous arrhythmia due to malfunction of the sino-atrial
nodal pace-maker cells [5].
The Cav1.3 α1 subunit has been cloned from several mammalian
species [6–13]. Compared to the other isoforms, the original Cav1.3
cloned from HIT-T15, a hamster insulin-secreting cell line, has a much
shorter C-terminus [8]; the C-terminus of the hamster Cav1.3 contains
only 148 amino acids, whereas those of the Cav1.3 subunits cloned
from other species contain about 700 amino acids [8–10,13]. The
biophysical properties of the Cav1.3 channels cloned from different
species were initially poorly characterized, due to their weak
expression in reconstitution systems. Recently, Scholze and collea-
gues succeeded in expressing the hamster Cav1.3 with auxiliary
subunits in Xenopus oocytes [14], and showed that the potentials for
activation threshold and peak current were slightly lower than those
of cardiac Cav1.2. In contrast, the rat and human Cav1.3 isoforms with
long carboxyl tails were activated at much lower voltages than other
L-type channel isoforms such as Cav1.1, Cav1.2, and Cav1.4, and were
therefore classiﬁed as low voltage-activated L-type channels [10–13].
In Cav1 and Cav2 channels, calcium-dependent inactivation (CDI)
was established to be a crucial negative-feedback process preventing
calcium overloading. Binding of Ca2+ ⋅calmodulin (Ca2+ ⋅CaM) to Ile-
Gln (IQ) motifs in the carboxyl termini of the Ca2+ channels was
reported to mainly mediate CDI. However, regulation mechanisms
of CDI appeared to be complex. For example, native Ca2+ currents
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currents from the sino-atrial nodal cells and pancreatic β cells
displayed strong CDI, whereas those from hair cells exhibited weak
CDI or lacked CDI [3–5,15–18]. Comparatively, Cav1.4 dominantly
expressed in retinal cells also displayed a lack of CDI in spite of
conservation of the IQ motif [19,20]. The contradictory CDI phenom-
ena were partly explained by recent ﬁndings that CDI is not only
affected by splice variants with or without the IQ motif, but also
regulated by intrinsic inhibitory modulator(s) in their carboxyl
terminus [21–23].
In the present study, we cloned a hamster Cav1.3α1 subunit with a
long carboxyl terminus from hamster brain RNA by RT-PCR. The long
variant was detected in insulin-secreting HIT-T15 cells as well as
various hamster tissues. Electrophysiological characterization
revealed that the long variant was better expressed and activated at
lower potential than the short variant in Xenopus oocytes. The long
Cav1.3 variant showed strong CDI, while the short Cav1.3 did a lack of
CDI. These results imply that the long Cav1.3 may contribute to
distinctive physiological functions at lower voltage ranges than the
short variant.
2. Materials and methods
2.1. Cloning of a splice variant of hamster Cav1.3 with a long carboxyl
terminus
Three-week old golden hamsters (Japan SLC, Shizuoka, Japan)
were sacriﬁced according to a protocol of the animal care committee
of Sogang University. Total RNA from the hamster brain was isolated
using TRIzol® (Invitrogen, Carlsbad, CA, USA) according to the
protocol provided by the supplier. The ﬁrst strand cDNA was syn-
thesized from 0.5 μg of total brain RNA with MMLV reverse tran-
scriptase (Fermentas, Burlington, Ontario, Canada). The forward
primer for PCR, GCCTCATCACTTGGATGAA, is a speciﬁc sequence in
the early portion of the hamster Cav1.3 C-terminus. The reverse
primer, (C/T)(C/T)A(C/T)AANGTNGT(A/T/G)AT(A/G)CA(A/T/G)AT,
was designed on the basis of the conserved amino acid residues
(Ile-Cys-Ile-Thr-Thr-Leu) along with the stop codons in the end
portions of the human and rat Cav1.3 C-termini (Fig. 1). The PCR
involved denaturizing at 95 °C for 1 min, followed by 25 cycles of
95 °C for 30 s, 50 °C for 30 s, and 72 °C for 2 min 30 s. The PCR product
was puriﬁed, cloned, and conﬁrmed by sequencing. The deduced
amino acid sequence was aligned with the short carboxyl terminus of
HamCav1.3-S (GenBank accession no. AJ311617) cloned by Yaney et
al. (1992) and the corresponding tails of the human and rat Cav1.3
(Fig. 1). The long-tail isoform (HamCav1.3-L) was constructed by
replacing the C-terminus of the ﬁrst isoform (HamCav1.3-S) with the
PCR fragment using EcoRI (nt 4927) and XbaI in the multiple cloning
sites (GenBank accession no. EU428785). The HamCav1.3-S and
HamCav1.3-L cDNAs were then subcloned in pGEM-HEA to improve
their expression in Xenopus oocytes. For the green ﬂuorescence
experiment, the coding sequence of EGFP (enhanced greenﬂuorescence
protein, Clontech) was fused to the amino termini of HamCav1.3-S and
HamCav1.3-L by overlap extension PCR [24].
2.2. Tissue expression and relative abundance of HamCav1.3-L and
HamCav1.3-S mRNAs
Total RNAs isolated from hamster tissues (brain, heart, lung, pan-
creas, kidney, and testis) and HIT-T15 cells were reversely transcribed
into cDNAs using MMLV reverse transcriptase. Qualitative RT-PCR
(reverse transcription-polymerase chain reaction) was employed to
detect expression of the long and short Cav1.3 splice variant
transcripts in hamster tissues and HIT-T15 cells. The PCR primers to
speciﬁcally amplify the long and short carboxyl terminal regions of
hamster Cav1.3 were designed. The forward primer for both Cav1.3-Land Cav1.3-S was 5′-GCCTCATCACTTGGATGAA-3′. The reverse pri-
mers for HamCav1.3-L and HamCav1.3-S were 5′-TATGGCACGTCG-
GATTTCTG-3′ and 5′-CGACCGAGACGGACTTAGGAA-3′, respectively.
The ampliﬁed fragments of HamCav1.3-L and HamCav1.3-S were 540
and 396 bp, respectively. As an internal control, β-actin transcripts
were simultaneously ampliﬁed with speciﬁc primers (forward: 5′-
TCTGGCACCACACCTTCTAC-3′, reverse: 5′-AATGCCAGTGGTACGACC-
3′; product size: 199 bp; GenBank accession no. AJ312092). We used
Ex-Taq polymerase (Takara, Otsu-Shiga, Japan) for PCR, which was
performed for 35 cycles, each of which consisted of a denaturation
step for 30 s at 95 °C, an annealing step for 30 s at 60 °C, and an
elongation for 30 s at 72 °C. PCR products were separated on a 3%
agarose gel containing ethidium bromide, and visualized under UV
light.
In addition, relative abundance of HamCav1.3-L and HamCav1.3-S
mRNA among hamster tissues was assessed using quantitative RT-PCR
forwhich speciﬁc primerswere newly designed as follows: The forward
and reverse primers for HamCav1.3-L were 5′-TACTGAGA-
GACCGCTGTTTCC-3′ and 5′-TTGAGATTGGCATTTGTTGAG-3′, respec-
tively. The forward and reverse primers for HamCav1.3-S were
5′-CTCCGTGCAGTGATAAAGAAG-3′ and 5′-CCGAGACGGACTTAGGA-
AGCA-3′, respectively. The expected PCR products of HamCav1.3-L and
HamCav1.3-S were 107 and 102 bp, respectively. Reverse-transcribed
cDNAs were mixed with SYBR® Premix Ex Taq™ (Takara, Otsu-Shiga,
Japan), and then the mixtures were ampliﬁed utilizing Applied
Biosystems’ 7500 Real-Time PCR System (Foster City, CA, USA). The
PCR was performed as follows: preincubation for 2 min at 50 °C and
denaturation for 10 min at 95 °C followed by 40 cycles of 15 s at 95 °C
and annealing and extension for 1 min at 60 °C. The β-actin transcripts
were used as a control. Speciﬁc ampliﬁcation of gene products was
veriﬁedbyboth analysis of dissociation curves and running theproducts
in an agarose gel. The threshold cycle (Ct) is the cycle number at which
the ﬂuorescence passes an arbitrary threshold between base line and
saturation of the ampliﬁcation curve. Expressionof a target gene relative
to a control (β-actin) in brain tissue was used as a calibrator to assess
relative expression in other tissues, which was analyzed by SDS
software utilizing the 2−ΔΔCt method.
2.3. Northern hybridization analysis
Northern blot analysis was performed to examine relative
expression of the newly cloned hamster Cav1.3 variant with a long
carboxyl tail. The template cDNA for probes came from nucleotide
numbers 1291 to 2054 of the cDNA (GenBank No EU428785) which
was obtained by RT-PCR in this study (refer to Section 2.1). The probe
portion was ﬁrst ampliﬁed from the RT-PCR products by PCR for
which forward and reverse primers were 5′-CCCGTTGGCTATGATT-
CAC-3′ and 5′-AGGTCCTCTTCCTCTCTC-3′, respectively. Probes were
synthesized in the presence of [α-32P]dCTP (PerkinElmer, Covina, CA,
USA) using Random Primer Labeling Kit (Stratagene, Santa Clara, CA,
USA). A hamster premade RNA blot was purchased (Zyagen, San
Diego, CA, USA). The blot was hybridized with [α-32P]dCTP-labeled
probes overnight at 68 °C in a hybridization solution (Clontech,
Mountain View, CA, USA) containing salmon sperm DNA (0.1 mg/ml;
Sigma-Aldrich, Mountain View, MO, USA). The hybridized blot was
washedwith 2× SSC/0.1% SDS at room temperature and then 42 °C for
15 min, followed by 0.5× SSC/0.1% SDS at 50 °C for 30 min, and ﬁnally
0.2x SSC/0.1% SDS at 60 °C for 30 min. The blot was exposed to an X-
ray ﬁlm (Kodak, New York, USA) for 2 weeks at −70 °C.
2.4. Functional expression of hamster Cav1.3 splice variants in Xenopus
oocytes
The ﬁrst hamster Cav1.3 (HamCav1.3-S), rat α2δ1, and rat β3
subunit cDNAs have been previously described [8,25,26]; their
GenBank accession numbers are AJ311617, M86621, and M88751,
AB
Fig. 1. Amino acid sequence alignment of carboxyl terminal human Cav1.3, rat Cav1.3, and hamster Cav1.3 variants. (A) The deduced amino acid sequence of the long carboxy-
terminal cDNA of HamCav1.3-L is aligned with those of HumCav1.3 (human Cav1.3), rat Cav1.3, and HamCav1.3-S (hamster Cav1.3 with a short carboxyl tail) in the C-terminal tail
regions. The termination codons are marked by asterisks (✳) and the intron/exon borders of the human gene are marked by “∇”. GenBank accession numbers of HumCav1.3, rat
Cav1.3, HamCav1.3-L and HamCav1.3-S are M76558, D38101, EU428785 and AJ311617, respectively. (B) The splicing event yielding HamCav1.3-L is diagramed based on the splicing
event in the human Cav1.3 gene (D43747).
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cDNAs in pGEM-HEA were linearized by AﬂII, and β3 and α2δ1 cDNAs
were linearized by SacII and NotI, respectively. Their cRNA transcripts
were synthesized based on the linearized cDNAs using T7 RNA
polymerase (Ambion, Austin, TX, USA).
Oocytes were prepared from female Xenopus laevis (Xenopus One,
Ann Arbor, MI, USA) using a previously reported protocol [27]. Each
oocyte was injected with 30 ng of α1 subunit cRNA and 10 ng of the
auxiliary subunits,β3 andα2δ1, in a volumeof 50 nl using aDrummond
Nanoject pipette injector (Parkway, PA, USA) attached to a Narishige
micromanipulator (Tokyo, Japan) under a stereo microscope.
2.5. Fluorescence imaging
Surface expression of the hamster HamCav1.3 variants tagged with
EGFP was imaged using a laser scanning confocal microscope (LSM 5Pascal, Zeiss, Germany). Line intensities of the ﬂuorescence images
across the oocyte membrane were generated using Metamorph
(Universal Imaging), and exhibited as arbitrary units of pixel density.
2.6. Electrophysiological recordings in oocytes and data analysis
Currents from oocytes were measured at room temperature be-
tween 3 and 5 days after cRNA injection using a two-electrode
voltage-clamp ampliﬁer (OC-725C, Warner Instruments, Hamden, CT,
USA). To eliminate contamination of Ba2+- and Ca2+-activated Cl-
currents, oocytes were injected with 50 nl of 50 mM BAPTA (1,2-bis
[o-aminophenoxy]ethane-N,N,N′,N′-tetraacetic acid) prior to record-
ings [28,29]. Microelectrodes were pulled from capillaries (Warner
Instruments) using a pipette puller, and ﬁlled with 3 M KCl, and the
electrode resistance was 0.6–1.0 MΩ. The Ba2+ or Ca2+ recording
solution contained the following (in mM): 10 Ba(OH)2 or Ca(OH)2, 90
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currents were usually sampled at 5 kHz, and low-pass ﬁltered at 1 kHz
using the pClamp system (Digidata 1322A and pClamp 8; Axon
instruments, Foster City, CA, USA). Peak currents were analyzed using
Clampﬁt software (Axon Instruments). The chord conductance
method was used to obtain channel activation as a function of po-
tential. Conductance (G) was calculated by dividing current amplitude
by the driving force (observed reversal potential minus the test
potential). The data for each oocyte were normalized to themaximum
observed in that oocyte. Smooth curves were obtained by ﬁtting the
data to the Boltzmann equation (G=1/[1+exp(V50−V)/k]), where
V50 is the half-activation voltage, and k is a slope factor. Channel
availability was tested during voltage steps generating peak current
after applying various prepulse potentials for 10 s. The data were
normalized to the maximum current observed after prepulse to
−100 mV, averaged, and ﬁtted to the Boltzmann equation (smooth
curves). Inactivation time constants (τ1 and τ2) obtained from ICa or
IBa elicited by a 2.5- or 5-s step depolarization from a holding potential
of −80 mV were analyzed by ﬁtting the data to the bi-exponential
equation (I=A1exp(−t/τ1)+A2exp(−t/τ2)+C), where τ is the time
(t) at which the current decreases to 1/e of the initial amplitude, A is
the maximal amplitude of the individual component, and C is the
steady-state current level. Graphical representation of the data was
obtained with Prism software (GraphPad, San Diego, CA, USA). Data
are given as mean±S.E.M. Differences were tested for signiﬁcance
using Student's unpaired t-test, with Pb0.05, Pb0.01, and Pb0.001 as
levels of signiﬁcance.Fig. 2. Relative expression of HamCav1.3-L and HamCav1.3-S transcripts in hamster
tissues and HIT-T15 cells. (A and B) Relative abundance of HamCav1.3-L and
HamCav1.3-S transcripts was assessed using semi-qualitative RT-PCR (see Section
2.1). As a positive control, β-actin transcripts were simultaneously ampliﬁed from
individual reactions. HamCav1.3-L and -S transcripts were detected in HIT-T15 cells (A)
as well as in all the hamster tissues (B). (C) Relative expression of HamCav1.3-L or
HamCav1.3-S transcripts among the tissues was compared by quantitative RT-PCR. The
HamCav1.3-L was strongly expressed in the brain and testis and moderately or weakly
in the other tissues. Comparatively, expression of HamCav1.3-S was profoundly
detected in brain, and much less in the other tissues.3. Results
3.1. Cloning and expression patterns of a hamster Cav1.3 variant with a
long carboxyl terminus
The hamster Cav1.3 (HamCav1.3-S) cloned by Yaney and collea-
gues has a carboxyl terminus composed of 148 amino acids [8],
whereas the human and rat Cav1.3 subunits have much longer
carboxyl termini of 697 and 693 amino acids, respectively (Fig. 1).
This difference suggests that there might also be a hamster Cav1.3
splice variant with a long carboxyl terminus. We conﬁrmed this idea
by RT-PCR using golden hamster brain RNA (see Section 2.1). The PCR
product turned out to be a cDNA with a carboxyl terminus encoding
695 amino acids (Fig. 1), with 92% and 94% identity with the carboxyl
terminal sequences of the human and rat Cav1.3, respectively [9,10].
The hamster Cav1.3 variant with the long carboxyl terminus was
designated HamCav1.3-L. The carboxyl terminus of HamCav1.3-L
contains the EF hand, Pre-IQ, and IQ motif, latter of which was
reported to play a critical role in CDI. In contrast, the carboxyl
terminus of HamCav1.3-S contains the EF hand and Pre-IQ, but lacks
the IQ motif.
We employed qualitative RT-PCR (see Section 2.2) to compare
relative abundance of HamCav1.3-L and HamCav1.3-S transcripts in
various hamster tissues as well as HIT-T15 cells. As a control, β-actin
transcripts fromhamster tissue RNAswere simultaneously ampliﬁed by
RT-PCR. Expression of both HamCav1.3-L and HamCav1.3-S transcripts
was detected not only in HIT-T15 cells, but also in all the tissues
examined, with the Cav1.3 variants being more abundantly detected in
brain and testis than in the other tissues (Fig. 2A andB). TheHamCav1.3-
L transcript was more abundantly expressed than the HamCav1.3-S
transcript in most of the tissues. We also performed quantitative real-
time PCR to precisely compare relative quantiﬁcation of HamCav1.3-L or
HamCav1.3-S mRNA among the tissues (see Section 2.2). Similarly,
analysis of real-time PCR data exhibited that abundance of HamCav1.3-L
mRNAwas as follows: brain≈testisNpancreas≈heart≥ lung≈kidney.
Comparatively, abundance of the HamCav1.3-S transcript was
brainN testis≥pancreas≥heart≥kidney≈ lung (Fig. 2C).We also performed a Northern blot analysis to delineate relative
expression of transcripts encoding the long tail variant in hamster
tissues by hybridizing a hamster multiple-tissue blot with 32P-dCTP
labeled DNA probes speciﬁc to the carboxyl tail of HamCav1.3-L (refer
to Section 2). Two bands of 10.5 kb and 7 kb appeared on the blot
(Supplementary Fig. 1). The 10.5 kb RNA signals were predominantly
detected in brain tissue and weakly in the testis. The 7 kb band was
detected in the colon and thymus, while it was weakly found in the
spleen and testis. These results suggest that full-length mRNAs of
HamCav1.3-L are expressed in the hamster tissues.
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oocytes
Prior to characterization of HamCav1.3-L or HamCav1.3-S expressed
in Xenopus oocytes, as a control, we ﬁrst examined how much
endogenous Ca2+ channels could be induced by injection of auxiliary
subunits α2δ1 (10 ng) and β3 (10 ng) into oocytes. Peak currents were
elicited at around+10 mV during a voltage protocol, and their average
current amplitudewas52±10 nA in 10 mMBa2+ solution (n=15, data
not shown). Coexpression of HamCav1.3-L or HamCav1.3-S with
auxiliary subunits α2δ1 and β3 generally led to pronounced inward
Ba2+ currents. Coinjection of HamCav1.3-S cRNA (30 ng) with α2δ1
cRNA (10 ng) and β3 cRNA (10 ng) induced 532±86 nA currents in
response to a test potential of 0 mVfromaholdingpotential of−80 mV,
while coinjection of HamCav1.3-L (30 ng) with the same amounts of
α2δ1 and β3 cRNAs yielded −2580±255 nA currents in response to a
test potential of −10mV (mean±SEM, n=11–12). These results
showed that HamCav1.3-L was roughly 5-fold better expressed than
HamCav1.3-S in the Xenopus oocyte expression system (Fig. 3A–D;
Pb0.001, Student's unpaired t test).Fig. 3. Expression of HamCav1.3-L and HamCav1.3-S in Xenopus oocytes. An equal amount (3
α2δ (10 ng) and β3 (10 ng). (A and B) Representative current traces of HamCav1.3-L and Ham
+60 mV from a holding potential of−80 mV. (C) Current–voltage (I–V) relationships of Ham
in 10 mV increments from −70 to +60 mV from a holding potential of −80 mV, and thei
amplitudes detected at−10 mV for HamCav1.3-L and at 0 mV for HamCav1.3-L are exhibite
expressing EGFP-HamCav1.3-L and -S. Representative line ﬂuorescence intensities across
ﬂuorescence intensities were averaged and are exhibited by bar graphs. Data are means±SA recent study reported that coinjection of Cav auxiliary subunits
could induce endogenous oocyte Ca2+ channels, contamination of
which might signiﬁcantly alter the amplitude and electrophysiolog-
ical properties of exogenous calcium channel currents [14]. We thus
assessed in two ways whether endogenous oocyte Ca2+ channels
induced by coexpressed auxiliary subunits could affect the properties
of HamCav1.3 channels. First, we averaged endogenous Ca2+ channel
currents induced by auxiliary subunits and then subtracted the
average current from each HamCav1.3-L current. Analysis of
the subtracted HamCav1.3-L currents displayed that the biophysical
properties of HamCav1.3-S and HamCav1.3-L currents were not
signiﬁcantly altered (data not shown). Second, we screened several
batches of oocytes to look for those minimally expressing endogenous
Ca2+ channels by auxiliary subunits. In a batch of oocytes, the average
current amplitude of endogenous Ca2+ channel induced by aux-
iliary subunits was 30.6±6.4 nA, which is about 2% of HamCav1.3-S
(1507±184.2 nA, n=12; Supplementary Fig. 2). Biophysical proper-
ties (including r50 and r350) of HamCav1.3-S currents recorded from
the same batch of oocytes were similar to those obtained from the
other batches of oocytes expressing HamCav1.3-S, suggesting that0 ng) of HamCav1.3-L or HamCav1.3-S cRNAs was coinjected into Xenopus oocytes with
Cav1.3-S. Currents were elicited by a series of test potentials ranging from−70 mV to
Cav1.3-L (◯) and HamCav1.3-S (□). Currents were elicited by depolarizing voltage steps
r average current amplitudes are plotted against test potentials. (D) Maximal current
d as bar graphs to compare their expression levels. (E) Fluorescence images of oocytes
membrane portions are shown in arbitrary units below the confocal images. (F) The
.E.M. (n=6–10).
Table 1
Biophysical properties of hamster Cav1.3 variants. All data are means±S.E.M. (n=5–19) and differences were tested for signiﬁcance using Student's unpaired t test: aPb0.05;
bPb0.01; cPb0.001.
Constructs mM V50 act (mV) kact V50 inact (mV) kinact τ1 (ms) τ2 (s) A1/A2
HamCav1.3-L 10 Ba2+ −25.8±1.6b 6.9±0.4 −34.8±0.9 −8.2±0.4b 340.8±30.0 3.71±0.24c 0.57±0.06
10 Ca2+ −14.1±0.9c 9.3±0.3 −39.4±0.8c −6.5±0.1c 23.9±2.3c 0.32±0.01a 1.57±0.16
HamCav1.3-S 10 Ba2+ −17.1±1.3 7.8±0.2 −35.3±2.1 −11.5±0.8 326.2±18.4 2.14±0.13 2.59±0.17
10 Ca2+ −4.5±2.1 8.5±0.1 −30.3±1.7 −10.0±0.84 309.7±26.5 1.71±0.42 2.24±0.20
EGFP-HamCav1.3-L 10 Ba2+ −24.9±2.3b 6.7±0.3b −35.2±0.9 −11.1±0.4 270.1±6.5 4.26±0.11c 0.59±0.08
EGFP-HamCav1.3-S 10 Ba2+ −15.3±1.2 7.8±0.2 −34.2±0.4 −11.3±0.9 266.1±9.9 1.63±0.10 2.71±0.19
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HamCav1.3 channels in this study.
To explore the mechanism(s) underlying the better expression
of HamCav1.3-L, we compared the surface density of the hamster
HamCav1.3 variants tagged with enhanced green ﬂuorescence protein
(EGFP) at their amino termini. When EGFP-HamCav1.3-L or EGFP-
HamCav1.3-S cRNAwas coinjectedwithα2δ1 andβ3 cRNAs into oocytes,
their electrophysiological properties were similar to those of wild-type
channels (Table 1). The average ﬂuorescence intensity of oocytes
injected with EGFP-HamCav1.3-L was about 2.5-fold higher than thatA HamCav1.3-L
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which BAPTA was injected to eliminate contamination of Ba2+- and
Ca2+-activated Cl− currents. Ca2+ currents through HamCav1.3-L
channels were rapidly inactivated during a depolarizing step pulse,
while Ba2+ currents through them were little inactivated during the
same pulse (Fig. 4A, left panel). Comparatively, Ca2+ currents through
HamCav1.3-S channels showed slower inactivation kinetics than those
though HamCav1.3-L during the same pulse, whereas Ba2+ currents
through them showed faster inactivation kinetics (Fig. 4A, right
panel). To quantify the inactivation properties of both channels, we
plotted the fractions (r50 and r350) of peak current amplitude
remaining after 50 and 350 ms of depolarization against different
test potentials (Fig. 4C–F). The r50 and r350 values of HamCav1.3-L
showed typical “U-shaped” voltage dependence, which is a hallmark
of CDI. The f values are here deﬁned as the difference between r values
of IBa and ICa at membrane potential of 0 mV. The f50 and f350 of
HamCav1.3-L were 0.50±0.02 and 0.67±0.01, while those of
HamCav1.3-S were 0.03±0.01 and 0.16±0.01, respectively
(n=14,8; Fig. 4C and F). Comparison of the data displays that the
f50 and f350 values of the long variant are much larger than those of the
short variant, suggesting that the IQ motif in the C-terminus of
HamCav1.3-L contributes to mediating strong CDI, as previously
reported [15,30,31]. We subsequently tested whether the IQ motif in
HamCav1.3-L is involved in CDI by replacing the Ile-Gln (IQ) with Ala–
Ala. Expression of HamCav1.3IQ/AA in oocytes was detected as robust
Ba2+ and Ca2+ currents (Fig. 5A). Comparison of Ca2+ currents
through HamCav1.3IQ/AA and wild-type HamCav1.3-L displayed that
the IQ/AA mutation almost eliminated the rapidly inactivating CDI
(Fig. 5B). The calculated f50 values of HamCav1.3-L andHamCav1.3IQ/AA
were 0.50±0.02 and 0.16±0.02 (Pb0.0001, Student's t-test, n=18,
8), while their f350 values were 0.67±0.01 and 0.30±0.02, respec-
tively (Pb0.001, Student's t-test, n=18, 8; Fig. 5B left and C). The
ﬁnding that the IQ/AAmutation caused a strong reduction of CDI of the
mutant channels strongly suggests that the IQmotif in the carboxyl tail
of HamCav1.3-L plays a critical role in CDI.
It was reported that endogenous Ca2+ currents induced by Cav
auxiliary subunits may affect inactivation kinetics of exogenous Ca2+
channel currents [14]. Thus, we evaluated the possibility that en-
dogenous Ca2+ currents induced by Cav auxiliary subunits can alter the
inactivation kinetics and CDI of HamCav1.3-S channels of which current
amplitudewas about5-fold smaller than thatofHamCav1.3-L.When the
r50 and r350 values of the short variantwere plotted against their current
amplitudes, those values of both IBa and ICa were relatively constant
regardless of different current amplitudes (Supplementary Fig. 3),
suggesting that expression of exogenous Ca2+ channels negligibly
inﬂuences the inactivation kinetics and CDI of HamCav1.3-S channels in
this study.
3.4. Electrophysiological properties of HamCav1.3-L and HamCav1.3-S
Comparison of the current–voltage relationships of the long and
short variants in a 10 mM Ba2+ or Ca2+ solution showed that
HamCav1.3-L began to evoke inward current at lower potential and its
peak currents also appeared at lower potential than HamCav1.3-S
(Figs. 3C and 4B). Analysis of data indicated that relative to
HamCav1.3-S, the potentials for the activation threshold and peak
current of HamCav1.3-L were negatively shifted by ~13 mV.
Activation curves of the two variants were obtained from ﬁtting
chord conductance with a Boltzmann equation. Consistent with the
current–voltage relationships, the estimated half-maximal activation
voltages (V50act) of the long and short variants were−28.5±1.6 mV vs
−17.1±1.3 mV in IBa and −14.1±0.9 vs −4.5±2.1 in ICa (Fig. 6A
and B; Table 1). These data indicate that the activation curves of
HamCav1.3-L are negatively shifted by about 10 mV relative to those of
HamCav1.3-S (n=6–19, Pb0.01) in the different conditions, suggesting
that HamCav1.3-L might be more functional at lower potentials thanHamCav1.3-S. With regard to steady-state inactivation, the half-
maximal inactivation voltages of HamCav1.3-L and HamCav1.3-S
obtained from Ba2+ currents were similar (V50inact=−34.8±0.9 vs
−35.3±2.1 mV, n=12, 13; Fig. 6A). However, the V50inact value of
HamCav1.3-L was more negatively shifted by ~10 mV than that of
HamCav1.3-Swhen10 mMCa2+wasused as a charge carrier (V50inact=
−39.4±0.8 vs−30.3±1.7 mV, n=12, 8; Pb0.001; Fig. 6B; Table 1).
To compare the inactivation kinetics between HamCav1.3-L and
HamCav1.3-S, we recorded the currents evoked by 2.5- or 5-s
depolarizing voltage steps in a 10 mM Ca2+ or Ba2+ solution, re-
spectively, and ﬁt them bi-exponentially to obtain fast and slow time
constants (τ1 and τ2; see Section 2.6). The slow time constant (τ2) of IBa
through HamCav1.3-L was signiﬁcantly larger than that of HamCav1.3-S
at test potentials higher than−10 mV (Fig. 6E and Table 1), but their τ1
values (fast time constants) were not signiﬁcantly different (Fig. 6C). In
contrast to the τ values of IBa, the τ1 and τ2 values of ICa fromHamCav1.3-
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potentials examined (Fig. 6D and F), suggesting that the Ca2+ current
kinetic through HamCav1.3-L variant is profoundly regulated by CDI.
4. Discussion
We have here demonstrated the existence of a hamster Cav1.3
splice variant with a long carboxyl terminus by cloning its cDNA by
RT-PCR. Qualitative and quantitative RT-PCR experiments indicated
that two Cav1.3 splice variants are differentially expressed in HIT-T15
cells and all the hamster tissues examined. Heterologous expression
studies showed that HamCav1.3-L exhibiting strong CDI was much
better expressed and activated at a lower threshold than HamCav1.3-S
lacking CDI. Relevant previous reports suggest that the different
electrophysiological properties of the two variantsmay originate from
their structural difference in the carboxyl tails.
The mechanism(s) underlying the different expression levels
between the two Cav1.3 variants were explored by comparing their
surface density. Fluorescence studies of the Cav1.3 variants labeled
with EGFP showed that the average ﬂuorescence intensity of EGFP-HamCav1.3-L in the membrane was about 2.5-fold greater than that of
EGFP-HamCav1.3-S, indicating that the surface density of the EGFP-
HamCav1.3-L channel was about 2.5-fold higher. This ﬁnding implies
that the long carboxyl tail contains structural motif(s) enhancing
certain steps of membrane channel formation, such as synthesis of the
EGFP-HamCav1.3-L cRNA and/or its trafﬁcking to the membrane in
the Xenopus oocyte system. However, the 2.5-fold difference between
the Cav1.3 variants in ﬂuorescence intensity is signiﬁcantly smaller
than the 5-fold difference in current amplitude. We propose that the
difference between current amplitude and ﬂuorescence intensity may
result from higher opening probability of HamCav1.3-L.
Comparison of our results with previous reports suggests that
Cav1.3 variants with short carboxyl tails cloned from various species
exhibited different expression and biophysical properties. For exam-
ple, a rat Cav1.3 variant with a short carboxyl tail was better expressed
than a Cav1.3 variant with a long carboxyl tail in Xenopus oocytes [32],
while both channels were similarly expressed in a mammalian
expression system [33]. Additionally, currents through another rat
Cav1.3 variant lacking the IQ motif were characterized to be little
inactivated in response to a step-test pulse [10]. Compared to those
1637H.-W. Kang et al. / Biochimica et Biophysica Acta 1808 (2011) 1629–1638rat variants with short carboxyl tails, the HamCav1.3-S variant with a
short carboxyl tail seemed to be more inactivated (Fig. 3B). These
different properties could be caused by multiple possible factors. One
possibility is that the short Cav1.3 variants addressed above were
characterized with different auxiliary subunits as well as in different
expression systems, which might cause differences in biophysical
properties and expression. Another possibility is that contradictory
reports from several groups might have resulted from diversity of
Cav1.3 channel structures by alternative splicing. Indeed, the rat and
hamster Cav1.3 genes addressed in previous studies and the present
one were alternatively spliced in exons 11, 32, and 42, which could
produce various splice variants in regions including the intracellular I-
II loop, domain IV S3-S4, and the carboxyl tail.
Previous investigations of the functional roles of the carboxyl
termini of Cav1.2 channels found that serial deletion of the carboxyl
terminus of rabbit Cav1.2 gradually increased its expression, whereas
removal of the whole tail eliminated its functional expression [34].
Other groups later showed that localized portions of the carboxyl
terminus contribute to targeting the Cav1.2 channel to the membrane,
regulating its run-down, and affecting gating properties [35,36]. More
recent studies located regulatory domains in the carboxyl termini of
Cav1.2 and Cav1.3 channels [37,38]. In Cav1.2, for example, positively
and negatively charged residues in proximal and distal C-terminal
regulatory domains, respectively, were shown to interact with each
other, forming the autoinhibitory complex affecting channel gating
properties as well as voltage dependency. Similarly, interaction
between a proximal regulatory domain and a distal gating mod-
ulatory domain in the carboxyl terminus was shown to affect gating
properties of human Cav1.3 [38]. Similarly, we observed in our study
that truncation of the corresponding region to the distal gating
modulatory domain in the C-terminus of HamCav1.3-L induced to a
negative shift of the activation curve compared to that of a wild-type
channel (data not shown). In fact, the corresponding regulatory
domains are conserved in the carboxyl tail of HamCav1.3-L.We suggest
that themultiple regulatory domains might affect channel expression,
CaM binding, and voltage-dependency of channel gating properties.
In conclusion, we have proven the existence of a hamster Cav1.3
variant with a long carboxyl terminus expressed in hamster brain and
peripheral tissues and HIT-T15 cells. Electrophysiological character-
ization of HamCav1.3-L and HamCav1.3-S supports the previous
ﬁndings obtained from Cav1.3 of other species that HamCav1.3-L is a
low voltage-activated L-type channel isoform with typical CDI and its
long carboxyl tail plays a crucial role in improving expression and
negative shifting of the activation and inactivation properties.
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